Introduction
============

The formation of cation--π systems is a process that plays a central role in many chemical and biological systems.[@b1]--[@b3] Cation--π interactions continue to attract attention owing to their potential importance in the areas of molecular recognition, metal-ion sensing, electrical conductors, and photoresponsive devices.[@b1]--[@b6] It is known that π-prismands and certain hydrocarbon cyclophanes are capable of forming π-complexes with small metal cations, in which arene rings act as the main π-electron donors in the resulting complex.[@b7] Such structures have also been studied as novel subjects in the formation of conjugated polymers for use in materials with interesting optical and electrochemical properties.[@b8]

\[2.2.2\]Paracyclophane (\[2.2.2\]pCp) and related structures[@b5],[@b9]--[@b14] have been recognized as effective π-prismands for cation--π interactions since Pierre et al.[@b15] reported the early preparation of a silver--trifluoromethanesulfonate complex as the first member of such a compound class, resulting in a host--guest situation. \[2.2.2\]pCp exhibits three aromatic rings which are held at short distances in a *para* disposition connected by −(CH~2~)~2~− bridges,[@b8] allowing π--π interactions between their inner faces.[@b16],[@b17] This geometry leads to a polyaromatic receptor cavity suitable for several metal cations[@b5],[@b8]--[@b14] involving the aromatic rings. In the original report[@b15] the conformation of the complex \[2.2.2\]pCp--Ag^I^ was speculated to have the Ag^I^ cation at the center of the organic cavity. Further structural studies[@b18] revealed that in such a π-prismand complex, the silver cation is bonded to one face of the cavity involving a C=C double bond for each arene moiety, resulting in a η^2^:η^2^:η^2^ coordination mode (or an overall η^6^) because of symmetry and energetic considerations, as was recently described.[@b19]

In general, solution- and solid-phase experimental studies of cation--π interactions frequently use NMR spectroscopic experiments.[@b8],[@b20],[@b21] Among other nondestructive characterization methods, NMR spectroscopy is a valuable tool for assessing any variations in the chemical environment of an organic host that might occur upon complex formation with a metal center. The magnetic response at the nuclei, which account for usual NMR experiments,[@b22] can be conveniently generalized through space, leading to a graphical representation of the short- and long-range magnetic behavior driven by the presence of induced currents[@b23]--[@b27] from certain atoms or functional groups. This allows a deeper understanding of the through-space or through-bond mechanism from which neighboring groups influence the chemical shift and other NMR parameters of a given probe nucleus.

As part of our ongoing research on magnetic properties,[@b28]--[@b30] we set out to study the influence of Ag^I^ on the magnetic response of the organic host, namely \[2.2.2\]pCp, upon formation of the representative cation--π host--guest complex, by using density functional theory (DFT). In addition to the local magnetic properties at certain nuclei, we also describe the molecular response under a uniform external magnetic field (*B*^ext^) by mapping the induced magnetic field (*B*^ind^) quantity, which reflects long- and short-range magnetic responses. Such terms are related to the second-rank shielding tensor (*σ*~ij~) expressed in ppm units of *B*^ext^ (ppm), according to *B*^ind^~j~=*σ*~ij~*B*^ext^~i~.[@b22]--[@b27] Here, the *i* and *j* sub-indexes are conveniently related to the *x*, *y*, and *z* axes of a molecule-fixed Cartesian coordinate system for the through-space representation, in contrast to the principal axis system (PAS) representation of a tensor centered in a nucleus where *i*,*j*=1,2,3.

Computational Details
=====================

DFT calculations were performed by using the ADF 2012 code,[@b31] incorporating both scalar and spin-orbit corrections via the two-component ZORA Hamiltonian.[@b32] The quadruple-ζ Slater basis set plus four polarization functions (QZ4P) were used within the generalized gradient approximation (GGA) according to the Becke--Perdew (BP86) exchange-correlation functional[@b33] by using the optimized structure taken from ref. [@b19]. The molecular response (*B*^ind^) to an external field (*B*^ext^) through space is given by the shielding tensor (*σ*~(r)~),[@b22] which relates the induced and applied magnetic field in *B*^ext^. Representation of *σ*~(r)~ as a function of Cartesian coordinates describes the shielding toward *B*^ext^ in molecular space, reflecting long- and short-range magnetic responses that arise by induced electronic currents under an external field.[@b22] The Cartesian *σ*~(r)~ quantities were calculated within the NMR module of the ADF 2012 code, which uses the gauge-including atomic orbitals (GIAO) formalism to circumvent the gauge-origin problem of a finite basis set, in a two-dimensional grid of 10×10 Å^2^ with a separation of 0.318 Å. The graphical representation of the shielding tensor was obtained based on the method reported by Autschbach and co-workers,[@b34] considering a function written in spherical coordinates representing the *f*(*r*)=Σ~ij~ *r*~i~*r*~j~*σ*~ij~ expression centered at the respective nucleus, depicting its orientation and magnitude.

Results and Discussion
======================

\[2.2.2\]Paracyclophane can display several conformations given by the relative orientation of the −(CH~2~)~2~− bridges[@b35] ranging from a *D*~3~ to a *C*~2~ structure. The early characterization of \[Ag(\[2.2.2\]pCp)\]^+^ by NMR solution experiments was later corroborated structurally, denoting a coordination of the Ag^+^ center above the center of the π-prismane ligand.[@b15],[@b18] Such a coordination mode can be ascribed to a η^2^:η^2^:η^2^ hapticity, in which two aromatic carbon atoms of each six-membered ring are involved in the interaction.[@b19] The characterized structure of \[Ag(\[2.2.2\]pCp)\]^+^ depicts slight variations from the *C*~3~ point group (RMSD: 0.134 Å), which can be attributed to crystal packing and counter-ion effects. Such a structure results from \[2.2.2\]pCp in a *D*~3~ conformation, in which the inclusion of Ag^+^ breaks the perpendicular *C*~2~ rotation axis, leading to the consequent symmetry depicting three equivalent aromatic rings (Figure [1](#fig01){ref-type="fig"}).

![Optimized structures of \[2.2.2\]paracyclophane and \[2.2.2\]paracyclophane--Ag^I^, depicting the decrease in symmetry upon inclusion of Ag^I^ from a *D*~3~ {C~3~;3C~2~′} to a *C*~3~ {C~3~} point group.](open0004-0651-f1){#fig01}

The optimized structure[@b19] is consistent with the experimental *C*~3~ structure[@b18] (RMSD: 0.011 Å from a *C*~3~ point group), where the silver center is located 1.383 Å above the center (exp.: 1.433 Å), in good agreement with the experimental data.[@b18] The averaged Ag−C distance of 2.599 Å (exp.: 2.588 Å) is longer than that observed for the simplest model of a cation--olefin complex, namely \[Ag(η^2^-C~2~H~4~)~3~\]^+^, due to strain within the π-prismane structure. The conformational changes adopted to maximize the cation--π interaction are calculated to destabilize the organic structure by 3.93 kcal mol^−1^.[@b19] The interaction energy of \[2.2.2\]pCp and Ag^+^ has been estimated to be −100.1 kcal mol^−1^, slightly favorable relative to the prototypical noncovalent cation--π complex \[Ag(η^2^-C~2~H~4~)~3~\]^+^ (−92.79 kcal mol^−1^ at the same level of theory), which is indicative of a lesser ligand to metal charge transfer in the latter, in agreement with the natural population analysis denoting a charge distribution of \[Ag^0.67+^\[2.2.2\]pCp^0.33+^\][@b19] and \[Ag^0.85+^(C~2~H~4~)~3~^0.15+^\]. Thus, \[2.2.2\]pCp ensures a stronger formation for the host--guest situation, as has been proven for Ag^+\[15\]^ taking several polyaromatic structures into account.

Because of the *C*~3~ symmetry point group of \[Ag(\[2.2.2\]pCp)\]^+^, six chemically different aromatic carbon types are advised from theoretical ^13^C NMR calculations, as depicted in Figure S1 and Table S1 (Supporting Information), given by C(1)=137.9, C(4)=137.8, C(2)=119.7, C(3)=118.6, C(5)=133.5, and C(6)=130.0 ppm, obtained as *δ*~ij~=*σ*^TMS^−*σ*~ij~[@b22] (*σ*^TMS^=193.10 ppm). To take into account the dynamic scenario resulting from the solution-state NMR experiment,[@b15] the related nuclei were averaged into three main chemically different groups of aromatic carbon atoms, namely **C1**, **C2**, and **C3** (Figure [2](#fig02){ref-type="fig"}). Such groups are composed of C(1)--C(4), C(2)--C(3), and C(5)--C(6), depicting *para*-, upper-*meta*, and lower-*meta* carbons, respectively (Figure [2](#fig02){ref-type="fig"}). Hence, the ^13^C NMR shifts amount to 137.8 ppm for **C1**, 119.1 ppm for **C2**, and 131.8 ppm for **C3** (Table [1](#tbl1){ref-type="table"}).

![Orientation and magnitude of the absolute shielding (*σ*~ij~) for C1, C2, and C3 before and after the inclusion of Ag^I^.](open0004-0651-f2){#fig02}

###### 

Isotropic and principal components of the absolute shielding, and the corresponding chemical shift denoting the respective experimental data. All values are in ppm.

  pCp        *σ*~11~    *σ*~22~    *σ*~33~    *σ*~iso~    *δ*~iso~                                                *δ*~exp~[\[b\]](#tf1-2){ref-type="table-fn"}
  ---------- ---------- ---------- ---------- ----------- ---------- -------------------------------------------- ----------------------------------------------
  **C1**     −33.77     27.37      178.15     57.25       135.85                                                  136.56
  **C2**     −34.09     60.73      170.40     65.68       127.42                                                  128.35
  **C3**     −34.08     60.72      170.38     65.67       127.43                                                   
                                                                                                                  
  Ag^+^pCp                                                                                                        
  **C1**     −35.38     20.76      180.40     55.26       137.84                                                  138.19
  **C2**     −22.06     68.26      175.68     73.96       119.14     125.46[\[a\]](#tf1-1){ref-type="table-fn"}   125.95
  **C3**     −39.31     50.44      172.82     61.32       131.78                                                   
                                                                                                                  
             Δ*σ*~11~   Δ*σ*~22~   Δ*σ*~33~   Δ*σ*~iso~   Δ*δ*                                                     
  Δ**C1**    −1.61      −6.61      2.25       −1.99       1.99                                                     
  Δ**C2**    12.03      7.53       5.28       8.28        −8.28                                                    
  Δ**C3**    −5.23      −10.29     2.45       −4.36       4.36                                                     

 Average between *δ*~iso~ from **C2** and **C3**, accounting for the experimentally assigned peak.

 Data from ref. [@b15].

For isolated \[2.2.2\]pCp the experimentally characterized ^13^C NMR signals for the aromatic ring are located at 136.56 and 128.35 ppm, corresponding respectively to the *para*- and *meta*-carbon atoms.[@b15] Upon formation of the cation--π system, the *para*-carbon is shifted slightly downfield to 138.19 ppm, whereas the four *meta*-carbons are shifted highfield (125.95 ppm). However, as the coordination mode of Ag^+^ involves the upper face of \[2.2.2\]pCp breaking the perpendicular C~2~' symmetry axis (Figure [1](#fig01){ref-type="fig"}), two chemically different groups of *meta*-carbons should be observed, suggesting that the carbons in the above and below faces (i.e., **C2** and **C3**) are averaged to one peak located at ^13^C NMR 125.95 ppm.[@b15]

Consequently, the theoretical ^13^C NMR chemical shifts (Table [1](#tbl1){ref-type="table"}) denote two different groups for such a position, where the carbons located at the upper face, where the Ag^+^ ion is located, are shifted upfield to 119.14 ppm. In contrast, the group of *meta*-carbons located in the opposite face exhibit a downfield shift toward 131.78 ppm, revealing two different chemical environments for the above and below π-faces. Interestingly, the average between the theoretically assigned signals for both groups of *meta*-carbons reproduces the characterized signal for such carbons well (Table [1](#tbl1){ref-type="table"}), denoting an averaged value of 125.46 ppm; this suggests a signal coalescence for the two different groups of *meta*-carbons in the experimental report. Thus, the calculated values agree well with the experimental data, suggesting three different signals instead of two for the aromatic carbons at *δ*~iso~ of 137.8 (**C1**), 119.1 (**C2**), and 131.8 (**C3**) ppm, respectively. The calculated variation in the ^13^C NMR shift for ethyl carbon atoms exhibits a similar slight upfield trend (Δ*δ*=0.76 ppm), similar to that observed experimentally (Δ*δ*=0.55 ppm).

To exploit the information given from such tensor (*σ*~ij~, *i*,*j*=1,2,3), we provide a graphical representation that describes the three principal components (eigenvalues) of the diagonalized tensor in its own principal axis system (PAS)[@b15],[@b36] (Figure [2](#fig02){ref-type="fig"}). Here, *σ*~ij~ is oriented in the molecular frame which describes the orientation, magnitude, and sign of such a response, relevant parameters that are reduced to a single value when the isotropic chemical shift is usually employed.[@b36] The principal components of the shielding tensor at the nuclei are designated by *σ*~11~, *σ*~22~, and *σ*~33~, according to *σ*~11~≤*σ*~22~≤*σ*~33~, reserving the *x*, *y*, and *z* suffixes for the through-space representation of the magnetic response (see below). For **C1**, **C2**, and **C3**, the most shielded component, namely *σ*~33~, points toward the center of the structure (Figure [2](#fig02){ref-type="fig"}), whereas *σ*~11~ and *σ*~22~ are located within the *C*~6~ plane; *σ*~11~ is located through the C−H bond, and the latter (*σ*~22~) is oriented toward the carbon neighbors. The familiar upfield/downfield terms used in NMR interpretations remain, which are directly related to the variation of *σ* in theoretical calculations.[@b22]

For **C1**, *σ*~33~ is shifted by ∼2.25 ppm toward the upfield region, whereas *σ*~11~ and *σ*~22~ are shifted downfield. In such a nucleus, the main difference leading to the chemical shift variations is taken into account by the *σ*~22~ component (Table [1](#tbl1){ref-type="table"}). The shift of the *σ*~33~ PAS component located at **C2** amounts to 5.28 ppm upfield; however, despite the orientation of such a component toward the Ag^+^ center, it is not the more influenced term of the respective shielding tensor. For **C2**, the *σ*~11~ component, which is oriented through the C−H bond, is largely upfield shifted by ∼12.03 ppm, followed by the *σ*~22~ component by ∼7.53 ppm. In contrast, **C3** exhibits a lesser *σ*~33~ shift, denoting a larger downfield shift for *σ*~22~ of about −10.29 ppm, and of −5.23 ppm for *σ*~11~. From Figure [3](#fig03){ref-type="fig"}, the differences between each principal component before and after the inclusion of the Ag^+^ center are described, where it can be clearly seen that the *σ*~11~ and *σ*~22~ components are the more influenced terms in the nuclear shielding of the representative carbon atoms. As result, the atoms in the aromatic ring located in the face below are deshielded, whereas those in the upper face are shielded, and hence the through-space effect due to inclusion of the Ag^+^ ion is of a shielding nature.

![Magnitude in variation of the principal components for C1, C2, and C3 (isovalue ±5 ppm), denoting shielding for positive values in blue, and deshielding for negative values in red.](open0004-0651-f3){#fig03}

The local magnetic response at each nucleus can be generalized to any point in space, which can be carried out on the basis of the NICS procedure reported by von Ragué Schleyer et al.,[@b37],[@b38] leading to a map representation of the induced magnetic field (in *B*^ext^) over space. The molecular response to a uniform external magnetic field (*B*^ext^) leads to an induced electronic current density, which in turn yields a non-uniform induced magnetic field (*B*~(r)~^ind^)[@b39],[@b40] related by the magnetic shielding tensor *σ*~(r)~ according to:

for which the *i* and *j* suffixes are related to the molecule-fixed Cartesian axis (*i*,*j*=*x*,*y*,*z*).

The through-space isotropic component that accounts for the overall magnetic behavior of \[Ag(\[2.2.2\]pCp)\]^+^ (*σ*~iso~=1/3(*σ*~xx~+*σ*~yy~+*σ*~zz~)) is given in Figure [3](#fig03){ref-type="fig"}. When NMR experiments are conducted in solution, rapid tumbling of the solute molecules leads to an averaging of molecular orientations. In many cases, this leads to sharp peaks, and isotropic chemical shift data may be obtained as the motion of the solute molecules is isotropic over the time scale of the NMR experiment. Such an isotropic component, also termed NICS, exhibits an averaged magnetic behavior that accounts for the rapid molecular tumbling, related to solution-phase NMR experiments. The map representation of *σ*~iso~ reveals the additive interaction of the shielding regions (*σ*\>0) between the paracyclophane structure and the metal cation. Thus, the through-space shielding effect of the Ag^+^ center, which influences the local *σ*~33~ principal component of the representative **C1**, **C2**, and **C3** carbon atoms, is spatially characterized to be, to a large extent, in the face above the center, and, to a lesser degree, in the opposite face, in agreement with the discussion above supporting the differences between the two groups of *meta*-carbons.

Due to the symmetry of the structure, the magnetic response of \[Ag(\[2.2.2\]pCp)\]^+^ exhibits an axis-dependent behavior, which can be accounted for by the analysis of certain components of *σ*~ij~. The analysis of *σ*~zz~, *σ*~xx~, and *σ*~yy~ (Figure [3](#fig03){ref-type="fig"}) denotes the difference when the external field is applied from the *z*, *x*, and *y* axes, respectively. From *σ*~zz~, the enhancement of the shielding region near the Ag^+^ center is located along the *z* axis with a complementary deshielding region perpendicular to such axis. Thus, considering this particular example, the silver center will deshield the closer carbon atoms of \[2.2.2\]pCp (Figure [4](#fig04){ref-type="fig"}).

![Map representation of through-space magnetic response (induced magnetic field), depicting the isotropic component and certain components of such tensor depicting the response under a specific orientation of the applied field.](open0004-0651-f4){#fig04}

When the external field is contained in the *x* axis, the aromatic ring experiences an induced ring current because it is located perpendicular to such a field as a result of the ring current effect.[@b41]--[@b43] Interestingly, the Ag^+^ center again exhibits a shielding region contained in the axis of the applied field, with the respective perpendicular deshielding region. From the *σ*~xx~ component the overlap of the shielding regions from the aromatic ring and the metal center is observed. The deshielding region originating from the metal center decreased by a large extent at the inner region of the paracyclophane structure, and remains as a deshielding zone at the outer region.

Interestingly, when the field is applied from the *y* axis, a large perpendicular deshielding region is observed outside the \[2.2.2\]pCp structure, which results from the additive interaction between both metallic and ligand deshielding regions. In contrast, inside the π-prismane a shielding response remains, resulting from the destructive deshielding--shielding interaction.

Conclusions
===========

In summary, variation in the magnetic behavior of the \[2.2.2\]paracyclophane host upon formation of a prototypical strong cation--π complex involving Ag^I^ has been studied in order to exploit the information given by solution-state NMR experiments. From the analysis of certain components of induced magnetic field and ^13^C NMR shielding tensor under its own principal axis system (PAS), the local and overall magnetic behavior is described, denoting a large axis-dependent behavior which leads to a shielding effect for the coordinating carbons, and a deshielded effect for the respective uncoordinated counterpart, evidence that complements the earlier experimental data. The approach described herein can be useful for gaining deeper insight into the local and overall variations in experimentally characterized NMR shifts for host--guest pairs involving both inorganic and organic hosts.
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